Hemiballismus is a peculiar hyperkinetic disorder that appears as irregular and uncoordinated contorting movements of one half of the body, with a pronounced tendency to twist and turn. 50 These movements are involuntary, violent, and poorly patterned. 25 The syndrome of hemiballismus develops most commonly in patients with vascular or other injury of the STN and its connections. Despite the fact that hemiballismus is usually self-limiting and responsive to conservative treatment with neuroleptic, sedative, and other neuroactive medications, some patients with intractable disease are referred to neurosurgeons for surgical intervention.
ments were more pronounced in the arm than in the leg, and their amplitude increased over a period of 2 to 3 days after onset.
Examination. The patient was in good health on admission and results of her neurological examination were essentially normal except for the constant, relentless, violent movement of her left arm and leg. Although she was fully awake, alert, and oriented, she could not stop the abnormal movements except for a short period of time, and even then a major effort was required. Despite the protective cushioning that was applied to her bed to prevent injuries, both her left arm and leg were covered with bruises and lacerations. Attempts to restrain her from the flinging her extremities were also unsuccessful. The movements on the right side were unremarkable, but the patient could not perform any normal activity because of the left hemiballismus. All abnormal movements always stopped when she was asleep.
Admission CT scans of the brain were obtained and revealed hypodensities in the right STN and the posterior limb of the left internal capsule (Fig. 1) . Based on the clinical picture and CT appearance, we diagnosed a stroke involving the right STN.
Initial Treatment. The patient's medical treatment consisted of a combination of neuroleptic agents (haloperidol, Յ 10 mg/day) and benzodiazepines (lorazepam, Յ 15 mg/day). This regimen only minimally decreased the abnormal movements but made the patient very somnolent. Chlorpromazine was also tried, but led to only a mild decrease in the frequency of ballistic movement. The patient's condition started to deteriorate because of severe exhaustion. She also required a feeding tube to get some nourishment. Surgery was recommended after the 10-day trial of conservative management failed.
Operation. To prepare her for the pallidotomy, anesthesia was induced and the patient was intubated. A Leksell frame was applied, and the stereotactic magnetic resonance images were obtained using the standard protocol for pallidotomy. Axial T 1 -weighted, axial inversion-recovery, and coronal fast-spin echo magnetic resonance images were obtained. The GP, the internal capsule, and the optic tract were identified on both sides, and after that the stereotactic coordinates for the target point were calculated. The target was chosen at 19 mm to the right of the midline, 2 mm anterior to the midcommissural point, and 6 mm inferior to the plane of the anterior commissureposterior commissure.
After targeting was completed, the cannula was inserted through the twist-drill opening in the right precoronal region parallel to the sagittal plane and at a 65˚ angle to the axial plane. Microelectrode recording 44, 45 was used to locate the GP externus, the internal medullary lamina, the GPi, and the optic tract. A total of six neurons was recorded, two in the GP externus and four in the GPi. The firing rate and pattern of the GPi neurons were somewhat different compared with those observed in patients with PD and patients with dystonias. The mean firing rate, for example, was 35 Hz as opposed to the mean GPi firing rate of 85 Hz described in the literature (Fig. 2) . The kinesthetic response was elicited with passive movement of the left arm. The optic tract location was confirmed by stroboscopic stimulation. After completion of the microrecording, the standard method of radiofrequency thermocoagulation was used after heating the tip of the probe to 84˚C for 60 seconds. A standard 1.1-mm-diameter probe with a 2-mm bare tip was used for the pallidotomy. Three lesions were made: one at the target point, one at 2 mm, and one at 4 mm superior to it along the trajectory of the electrode, and then the electrode and the cannula were removed.
Postoperative Course. The patient exhibited no change in the severity of her ballistic movements immediately after the surgery. Over the next 24 hours, however, there was a gradual decrease in both amplitude and frequency of the abnormal movements. The patient maintained normal strength in all extremities and regained voluntary control over movements on the left side.
At the follow-up examination 6 months postoperatively, the patient had returned to her normal activities, was able to walk without assistance, and all her bruises and abrasions gradually healed. She continued to have lowamplitude choreiform involuntary movements in the left leg, but this did not limit her functioning. More detailed examination revealed normal cranial nerves, no visual deficits, mild (4+/5) weakness in the left arm, and some disturbance of the gait with short steps and wide base. The walking problem had improved with physical therapy.
DISCUSSION
Hemiballismus is a relatively rare movement disorder that is characterized by uncontrolled, random, large-amplitude movements of the limbs; these movements are usually most pronounced in the proximal joints. The movements in hemiballismus are limited to one side of the body, and they may also involve axial musculature, face, and tongue. The pathological finding most commonly encountered in cases of hemiballismus is a vascular lesion that involves the contralateral STN (also known as the nucleus hypothalamicus or corpus luysi) and its afferent and efferent pathways. 31, 35, 50 Other structural lesions, such as neoplasms, 27 tuberculomas, 50 and hemorrhages, 31, 50 as well as lesions in other areas, such as the contralateral cerebral cortex, caudate nucleus, thalamus, striatum, internal capsule, 5, 26 and ipsilateral STN 10 have been described as causative factors of hemiballismus. Metabolic and systemic abnormalities including thyrotoxicosis, hyperglycemia, lupus, and scleroderma have also been reported as causes of hemiballismus. 29, 36 Hemiballismus was also encountered in patients who had suffered head trauma 8, 36 and after they had undergone thalamotomies and subthalamotomies for tremor control. 4, 13, 16, 24, 34 In the past, the prognosis for hemiballismus was uniformly grave, 33, 50 and this fact prompted development of various surgical procedures for control of the disease. The operations proposed for this purpose included limb amputation and brachial plexus destruction, 33, 38 cortical resection, 2, 7, 33 anterior cervical cordotomy, 6, 42 and pedunculotomy. 17 The natural course of the disease and the effect of various medications were recently studied by multiple investigators; 12, 17, 23, 36, 39, 41, 48 it appears that in the majority of cases hemiballismus is either self-limiting or may be controlled with orally administered medications, usually neuroleptic and other neuroactive agents. Therefore, surgery is reserved for intractable cases of hemiballismus, after the standard medical treatment fails.
Various stereotactic targets were used for control of abnormal movements associated with hemiballismus, 3, 40, 47 but the most consistent success was achieved with ventrolateral thalamotomy 8, 9, [19] [20] [21] 25, 28, 32, 37 and posteroventral pallidotomy. 14, 25, 43, 49 Chronic thalamic stimulation was also re- ported to be successful in relieving the abnormal movements in hemiballismus. 22, 46 In normal circumstances the STN exhibits excitatory action on the GPi; therefore, one may expect to see pallidal hyperactivity when the STN is disinhibited. 1, 11, 18 This situation is observed in cases of PD, in which dopaminergic nigrostriatal pathways that normally inhibit the STN are hypoactive. The hyperactivity of the STN and GPi may be seen on the microelectrode recordings obtained during pallidotomies or subthalamotomies. Suppression of this hyperactive state either by destruction or continuous electrical stimulation of one of these areas or their projective field in the thalamus results in normalization of hypokinetic symptoms and elimination of the tremor in patients with PD; this phenomenon is actively used in contemporary surgical treatment of parkinsonism.
On the other hand, destructive lesioning of the STN will be expected to cause decreased activity in the GPi (with subsequently decreased inhibitory outflow from this structure) and excessive disinhibition of the thalamus, resulting in the uncontrolled movements of the extremities observed in cases of hemiballismus. This theory goes along with the previously documented decreased firing rate in the GPi in patients with hemiballismus, 43, 49 but does not explain the positive effect of further destruction of the GPi by pallidotomy, adding more paradoxes to surgery for movement disorders. 30 Instead, the rationale for pallidotomy is supported by a theory of patterned GPi activity, which was suggested by Suarez and colleagues 43 based on the results of pallidal microrecording. According to these authors, hemiballismus is a result of the transmission of patterned output from the GPi to the periphery through thalamocortical projections, and therefore may be eliminated by GPi lesioning.
CONCLUSIONS
The good outcome after stereotactic pallidotomy in the case presented here once again shows the usefulness of this procedure in the treatment of medically intractable hemiballismus. The precision of the stereotactic targeting is greatly enhanced by intraoperative microrecording, which should be considered a standard part of the pallidotomy protocol.
